We study the possibility that particle production during inflation can source the required power spectrum for dark matter (DM) primordial black holes (PBH) formation. We consider the scalar and the gauge quanta production in inflation models, where in the latter case, we focus in two sectors: inflaton coupled i) directly and ii) gravitationally to a U (1) gauge field. We do not assume any specific potential for the inflaton field. Hence, in the gauge production case, in a model independent way we show that the non-production of DM PBHs puts stronger upper bound on the particle production parameter. Our analysis show that this bound is more stringent than the bounds from the bispectrum and the tensor-to-scalar ratio derived by gauge production in these models. In the scenario where the inflaton field coupled to a scalar field, we put an upper bound on the amplitude of the generated scalar power spectrum by non-production of PBHs. As a by-product we also show that the required scalar power spectrum for PBHs formation is lower when the density perturbations are non-Gaussian in comparison to the Gaussian density perturbations. * erfani@iasbs.ac.ir 1 arXiv:1511.08470v2 [astro-ph.CO]
Introduction
of gauge field fluctuations during inflation if the coupling, α is large enough. It has been shown [12, 14] that, these gauge fields through their inverse decay into inflaton perturbationsi.e. δA + δA → δφ -can affect all scalar primordial N -point functions. The effect on the power spectrum is a blue tilted contribution, which grows on smaller scales. Since the inverse decay produces NG inflaton perturbations, the bispectrum is non-vanishing and peaks on equilateral configurations. In addition, gauge fields production can also leads to observable effects in the tensor power spectrum [13, 18, 20] . The effect is negligible at the CMB scales but it could be detected by gravitational wave (GW) interferometers such as advanced LIGO/Virgo [21] 4 . Since the inverse decay of gauge fields into scalar perturbations leads to a blue tilt in the primordial scalar power spectrum it is natural to ask what the constraint from the PBHs formation is. As we will see in section 3, at very small scales, the produced gauge quanta largely increases the curvature power spectrum which can reach P ζ ∼ O(10 −4 ) required for DM PBHs formation. Therefore, the non-production of such PBHs can put an upper bound on the scalar and the tensor power spectra and the bispectrum.
The rest of the paper is organized as follows: In section 2, we present a brief review of the Press-Schechter formalism [23] describing PBH formation by considering the new threshold derived in [24] for their formation. We will focus on non-evaporating PBHs as candidate for DM and we will discuss the choice of a Gaussian and a non-Gaussian probability distribution function (PDF) for the perturbations as seed for their formation. And we will derive the required power spectrum for the production of such PBHs in both cases. We will show that when the fluctuations are NG, the required spectral index (hence, the power spectrum) in the scale of DM PBHs is lower than the case when the perturbations are Gaussian. Therefore, the probability of DM PBHs formation is higher in the NG case. In section 3, we will review the particle production during inflation in different inflation models and we will estimate the scalar and the tensor power spectra and the bispectrum, and we will explore the possibility of DM PBHs formation in these models. In section 3.1, we will review the main formulas and results of the axion inflation model in which the inflationary expansion is accompanied by the gauge quanta production. We will consider both cases when the inflaton couples directly and gravitationally to the gauge field. Our consideration differs from the consideration carried out in the recent works [25, 26, 27] in two respects. Firstly, we will not assume any specific potential for the inflaton (or coupled) field. Secondly, we are only interested in DM PBHs; i.e. the ones with mass 10 15 g. We will show that in these cases the non-production of DM PBHs at the end of inflation, puts stronger upper bound on the particle production parameter, ξ. And this bound is more stringent than the bounds from the bispectrum and the tensor-to-scalar ratio derived by gauge production in these models. We will also review a mechanism analogous to that of section 3.1, where the gauge field is replaced by a massless scalar field in section 3.2. In a model independent way, we will put an upper bound on the amplitude of the (bump-like) feature of power spectrum -generated by scalar production during inflation -via the non-production of DM PBHs in the CMB observational range.. Finally, in section 4 we present our conclusions.
Through this paper, we use the units c = = 1.
Constraints from Dark Matter Primordial Black Holes
Primordial black holes may have formed from primordial fluctuations in the early universe [28] . Actually, there is no conclusive evidence for their existence and upper bounds on their abundance on various mass scales have been obtained by various kinds of observations (for recent results, see [29] ). These upper bounds can be translated into upper bounds on the power spectrum of the scalar perturbation on comoving scales much smaller than those relevant to the CMB; i.e. they can be used to exclude inflationary models which predict too many PBHs [16, 17] . 5 On the other hand, according to the Hawking radiation [31] the PBHs with mass larger than 10 15 g which survive till present time could be candidate for DM. The traditional treatment of PBH formation is based on the Press-Schechter formalism [23] and in [16] , this mechanism has been studied in detail for the formation of DM PBHs. Here, we briefly review this formalism by considering the new derived threshold required for their formation. We will derive the required power spectrum for the production of DM PBHs in two cases: where the perturbations follow a i) Gaussian and a ii) non-Gaussian distribution.
PBHs will form if at horizon re-entry, the amplitude of density perturbation passes a threshold value, ζ th ≡ (δρ/ρ) th . The correct value of the threshold is quite uncertain. It was first provided by Carr [32] , giving ζ th w, where w is the parameter of the equation of state, p = wρ. Recently, in [24] , a new analytic formula for the threshold required for PBHs formation in the universe dominated by a perfect fluid is derived. According to this formula, the amplitude of the density perturbations in the comoving hypersurfaces is given by ζ th = 3(1 + w) 3w) ) is the amplitude of the density perturbations at the horizon crossing time in the uniform Hubble slice. Therefore, ζ th 0.4135 for a radiation fluid, w = 1/3.
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The fraction of the energy density of the universe in which the density fluctuation exceeds the threshold for PBH formation which will hence end up in PBHs with mass ≥ γM 7 , is given by
Here P (ζ; M (R)) is the PDF of the linear density field ζ smoothed on a scale R.
Hawking evaporation and present day gravitational effects constrain this fraction. For PBHs contributing to DM today, they saturate the DM relic density if f 5 × 10 −19 [29] . For a derivation of the PBH constraints we need an expression for the PDF of the smoothed ζ-field. The standard assumption is that it is Gaussian; i.e.
2)
5 Recently, in [30] , they claimed that PBHs can also constrain the amplitude of primordial tensor fluctuations. 6 Since the produced particles during inflation are massless, we can assume that the results of the PBHs formation in the radiation dominated (RD) era after inflation is applicable in this case, too. 7 The PBH mass is a fraction γ of the horizon mass corresponding to the smoothing scale. A simple analytical calculation suggest γ w 3/2 0.2 during the radiation era [32] . 8 In order to complete this calculation one needs to relate the mass, M to the comoving smoothing scale, R in the RD era (see eq. (2.10) in Ref. [16] ). In this relation, the pre-factor changes from 5.54 × 10 24 to 5.19 × 10
24
after the Planck 2015 data [33] due to the change in the matter-radiation equality redshift, z eq . where
where erfc(x) ≡ 1 − erf(x) is the complementary error function.
In some inflation models we will study in the next section, ζ follows a non-Gaussian distribution. Therefore, the simplest assumption which we can use is that the ζ-field is distributed as a square of some Gaussian field, g [34]
Hence, the PDF of ζ takes the form
.
(2.5)
Note that here, σ
2 . Therefore, the fraction of space that can collapse to form black holes in a case ζ dose not follow a Gaussian distribution is given by
Following the procedure in Ref. [16] , we show the final result in Fig. 1 . Here we have fixed ζ th = 0.4135, and show the results for Gaussian (solid curve) and non-Gaussian (dashed curve) probability distribution function. We found that for the formation of DM PBHs from density perturbations with a power-law spectrum, the spectral index at scale of PBHs formation (k PBH )
9 should be at least 1.418 10 (1.322) for Gaussian (non-Gaussian) PDF. Therefore, the DM PBHs formation can only happen if the spectral index increases significantly between the scales probed by the CMB and the relevant scales for DM PBHs. With n s (k PBH ) 1.418 (1.322), the power spectrum at the scale of DM PBHs formation should be P ζ (k PBH ) 2 × 10 −2 (4 × 10 −4 ), which is ∼ 10 7 (10 5 ) times higher than the value of the power spectrum in the observed CMB scales. Note that for the production of PBHs in the non-Gaussian case, one needs a lower power spectrum in comparison to the Gaussian case.
Particle Production during Inflation Models
In this section, we discuss the fluctuations arised during inflation via the direct or gravitational coupling of the inflaton to another field. We study different inflation models and explore the possibility of DM PBHs formation from these fluctuations.
We consider a model where the slow-rolling inflaton, φ coupled to a field χ 11 . The relevant Lagrangian density is given by
where V (φ) is the potential supporting inflation, U (χ) is the potential of χ field and the fields interact via L int term.
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The equations of motion for the inflaton field is given by
where ρ χ is the energy density of χ particles, and the prime and the dot denote differentiating with respect to φ and time, respectively. 13 The right hand side of the eq. (3.3), is the backreaction of the interaction to the inflaton mean field which arises due to copious production of χ quanta during inflation.
In addition, the inflaton fluctuations satisfÿ
The relevant scale for the formation of DM PBHs is k PBH = 1.52 × 10 15 Mpc −1 [16] . 10 Note that this value is larger than the value found in Ref. [16] . This is due to the fact that here the larger threshold value used for the amplitude of the density perturbations at the horizon crossing.
11 Through this paper we will denote the inflaton field and the coupled field by φ and χ, respectively. 12 We will assume that only the inflaton potential is dominant during the inflation and we will neglect the potential of the coupled field, χ.
GeV is the reduced Planck mass.
The solution of the above equation without the interaction term gives rise to the primordial density fluctuations and we denote their power spectrum by P ζ, vac. . However, the right hand side of eq. (3.4) acts as a source for generating additional fluctuations of φ and the corresponding power spectrum is denoted by P ζ, src. . Hence, the total power spectrum is given by the contributions from both fluctuations as
From the observational perspective, the key quantities which characterize any model of inflation are the spectrum of scalar and tensor perturbations, P ζ and P t , respectively, along with the bispectrum of scalar perturbations, B ζ that encodes the leading departures from Gaussian statistics. Therefore, before studying different inflationary models, it is worth defining these cosmological observables and their current constraints.
The power spectrum of the curvature perturbations of inflaton field is given by
where
is the first slow-roll parameter.
On the other hand, the simplest assumption for the power spectrum is a scale-free power-law
where the scale dependence of P ζ, vac. is parameterized by the spectral index
During inflation, GW fluctuations are generated by quantum fluctuations of the tensor part of the metric. The power spectrum of these perturbation from vacuum fluctuations during inflation is given by
where n t = −2 . Additional sources of GW may arise due to the coupling of the inflaton to another field. And since the power of the vacuum and the sourced mode are incoherent, they add up [13] 
On the other hand, the tensor contribution to the power spectrum is parameterized by the tensor-to-scalar ratio, r
and r = 16 if we consider the primordial scalar and tensor power spectra. Non-Gaussian statistics, such as the bispectrum, provide a powerful tool to discriminate between the inflation models and, f NL characterizes its amplitude
where the function F (k 1 , k 2 , k 3 ) describes the shape of the bispectrum. Now let us review the observational bounds on inflation parameters with the Planck "TT, TE, EE+lowP" data [35, 36] at the 68 % confidence level. Note that Planck 2015 full mission data in temperature and polarization are quoted at the pivot scale k 0 = 0.05 Mpc −1 . For the base ΛCDM model, the constraints on the power spectrum, P ζ, vac. (k 0 ) and the scalar spectral index, n s are [35] ln(10 10 P ζ, vac. (k 0 )) = 3.094 ± 0.034 , (3.13) n s = 0.9645 ± 0.0049 .
(3.14)
The constrain on the tensor-to-scalar ratio inferred from the Planck 2015 data for the ΛCDM+r model is 14 [35] r 0.002 < 0.10 (95 % CL) . Since in the inflation models we will study in the following section, the inverse decay type NG is present, we only report the observational constraint obtained in Planck 2015 XVII for this type [36] f NL = 22.7 ± 25.5 .
In the rest of the paper, we study the gauge field production in two cases: i) the inflaton field coupled directly to the gauge field (section 3.1.1) and ii) the inflaton field coupled gravitationally to the gauge field (section 3.1.2). In section 3.2 we consider the scalar particles production via the coupling of the inflaton to a scalar field.
Gauge Production
In this section we review the mechanism by which gauge fields are resonantly enhanced when a pseudoscalar field couples to a massless U (1) gauge field. When the coupling is direct, the pseudoscalar field will play the roll of the inflaton [12] . It is also possible that the inflaton field couples gravitationally to a pseudoscalar field which is coupled directly to the gauge field [13] .
We can write a generic interaction Lagrangian which is compatible with gauge symmetry as follows [20] 
where Φ could be the inflaton or any other pseudoscalar field and F µν = ∂ µ A ν − ∂ ν A µ is the field strength associated with gauge field, A µ 15 andF µν = µναβ F αβ /2 is its dual. The strength of the interaction is controlled by the dimensionless parameter, α and the decay constant, f .
In this type of scenario, gauge fields can be generated during inflation and has a rich and interesting phenomenology both for scalar and tensor primordial fluctuations [12, 15] . Also in this case the inverse decay of gauge field perturbations leads to a large equilateral 16 contribution to the bispectrum [12, 14] .
14 Note that the tensor-to-scalar ratio is reported at k 0 = 0.002 Mpc −1 . 15 For simplicity this gauge field is not the Standard Model one. 16 When a pseudoscalar couples to a vector, non-Gaussianity can feature equilateral configuration because in this model, the source at any moment is dominated by modes with wavelength comparable to the horizon at that moment. This generates mostly correlations between scalar perturbations of comparable size [12] .
It was shown [6, 12, 14] that the inverse decay of the gauge field source additional scalar fluctuations to the inflaton field which is given by
where X ≡ e 2πξ ξ 3 and ξ ≡ α 2f HΦ , is a dimensionless parameter which characterizes the strength of the inverse decay effects. It is clear that when ξ > 0, the phase space of produced fluctuations experiences a significant exponential enhancement, e πξ 1, due to tachyonic instability near horizon crossing.
The produced gauge quanta also source tensor metric perturbations [12] and it was pointed out that these modes are chiral [15] 19) and, as a consequence of the violation of the parity, the left and right-handed tensor modes have different amplitude of the spectra.
The tensor-to-scalar ratio is as follows
The inverse decay contribution to the primordial cosmological fluctuations is highly NG and is given by f
Note that in eqs. (3.18), (3.19) and (3.21), the coefficients γ s , γ t and γ NG are dimensionless parameters and their precise value needs to be computed in inflation models that we will study in the following sections.
It is clear that in inflation scenarios associated with a pseudoscalar coupling to a U (1) gauge field, the observables (power spectrum, NG and tensor-to-scalar ratio) depend only on the model-dependent quantities ξ and , which in turn depend on the inflation potential and the dynamics of the coupled field.
In the following we review the inflation models when a pseudoscalar field plays the roll of inflaton or not and we study the possibility of DM PBHs formation in these models. We check whether the bounds from the non-production of such PBHs is stronger than the bounds from NG and tensor perturbations or not. Note that we leave V (φ) arbitrary, except to suppose that it is sufficiently flat to support N 60 e-foldings of inflation.
Model I: Inflaton Coupled Directly to the Gauge Field
We consider a simple theory of a PNGB inflaton interacting directly with a massless U (1) gauge field via the interaction (3.17) [12] .
It was shown [12, 14] , in this model γ s 7.5 × 10 −5 (see eq. (3.17)). Therefore the total scalar power spectrum is given by The total curvature power spectrum, P ζ as a function of particle production parameter, ξ. The DM PBHs bound is the dotted line and the dashed line shows the constraint on the power spectrum from the CMB [35] .
For tensor perturbations, it was shown [15] that γ + t = 4.3 × 10 −7 and γ − t = 9.2 × 10 −10 . Hence, the overall power spectra of the helicity-± components of the GWs generated by this mechanism are as follows 23) and the tensor-to-scalar ratio is given by
The inverse decay contribution to the primordial cosmological fluctuations lead to equilateral non-Gaussianity in the CMB which is given by [12] f equil.
We can plot these results for P ζ , r and f equil.
NL, ζ as a function of ξ, for various representative choices of the slow-roll parameter, . However, since we are interested in particle production near the end of inflation we fix = 1. The total scalar power spectrum is plotted in Fig. 2 by using eq. (3.22) . It is clear from the figure that when ξ ∼ 0.93, the power spectrum can reach 4 × 10 −4 which is required value for long-lived PBHs formation. From the left plot of Fig. 3 it is clear that the sourced GWs dominate over the vacuum ones for ξ 2.41 when r = 0.10.
Using (3.25), we see that the 2 σ Planck 2015 limit (3.16) would enforce ξ 2.52 (see right panel of Fig. 3) .
As a result, our analysis show that the most stringent constraints on ξ is derived from the non-production of DM PBHs at the end of inflation and the bounds from the bispectrum and the tensor-to-scalar ratio are weaker. However, the bound from the tensor-to-scalar ratio is slightly more stringent than the NG bound. It is worth mentioning that we can also consider the PBHs formation during inflation (i.e. < 1), however the upper bounds on ξ will be weaker. 
Model II: Inflaton Coupled Gravitationally to the Gauge Field
Above we discussed the possibility of DM PBHs where the gauge quanta are produced by a direct coupling between the inflaton and the gauge field. In this section we study the gauge production in a "hidden sector" where the vector and the pseudoscalar are only gravitationally coupled to the inflaton. In this case a rolling pseudoscalar sources gauge filed fluctuations continuously.
In the following we consider the system introduced in [13] , in which a pseudoscalar field, χ couples to a U (1) gauge filed
Here the assumption is that the χ − A µ sector has a negligible energy density with respect to the inflationary sector, and the inflaton sector and the hidden sector are coupled only gravitationally. In this case, gravitational coupling will transmit the effects of particle production in the hidden sector to the inflaton sector, and as in section 3.1.1, the production of gauge field fluctuations can provide a new source of scalar perturbations, complementary to the usual quantum vacuum fluctuations of the scalar part of the metric. The total spectrum of the scalar perturbations was found in [13] to be
therefore γ s 2.5 × 10 −6 . Note that here, ξ ≡ α 2f Hχ .
Even if the vectors are not directly coupled to the inflaton, they generate tensor perturbations [13] which are chiral
From eqs. (3.27) and (3.28) we can write the tensor-to-scalar ratio as
The scalar bispectrum is given by [13] f equil.
On the other hand, in this model, the tensor bispectrum also generates via the gravitational interaction with the gauge field, and its amplitude is estimated as [37] f equil.
It is clear that the non-Gaussianity in the tensor perturbations is higher than the scalar perturbations.
In Table 1 , we report the obtained upper bounds on the particle production parameter, ξ from the non-production of DM PBHs at the end of inflation and the observational bounds on the tensor-to-scalar ratio and the scalar and the tensor non-Gaussianity. In this model also the bound on particle production parameter from the non-production of DM PBH is stronger than the ones derived from the (scalar and tensor) bispectrum and the tensor-to-scalar ratio. Note that the bound on ξ from the tensor non-Gaussianity is stringent than the tensor-to-scalar ratio in this model.
Scalar Production
In this final section we consider a very simple model where a slow-rolling inflaton, φ interacts with a massless scalar field, χ via the coupling [8] 32) where g is a coupling constant and φ 0 is a constant field value. As φ(t) rolls down its potential, at the moment when φ = φ 0 , the effective mass of χ -i.e. m χ (t) ≡ g (φ(t) − φ 0 ) -becomes zero and its quanta can be copiously produced. This burst of particle production extracts energy from the condensate φ(t) and temporarily slows down the motion of the inflaton field. 17 It was shown [5] , the resonant extraction of even a small fraction of the energy of the inflaton field can alter the classical motion of the inflaton and generate a bump-like feature in the primordial power spectrum which in the model (3.32) can be fit with a following function
The location of the peak in wavenumber, k * depends on where the mass of the χ field passes through zero.
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It is straight forward to generalize this model to allow for multiple bursts of particle production during inflation [5] 
In this case the contributed power spectrum from the burst of the produced χ i particles is given by [5] 35) where the constants, A i are the amplitudes of the power in the i-th bump which depend on the couplings, g 2 i and, k i defines the location of features. In this model, the sample bump in the power spectrum is illustrated in Fig. 4 and we take the bump to be located at k i = 0.01 Mpc −1 . As mentioned in section 2, if the power spectrum is P ζ ∼ O(10 −4 ), DM PBHs will be copiously produced in a scale corresponding to their masses. Here, to avoid their production in the CMB observational range (i.e. k H 0 k 1 Mpc −1 ), we can put an upper bound on the amplitude of the generated feature (and hence the couplings, g i ) due to the particle production; i.e. A i 4 × 10 −4 . Note that this bound is weaker than the one in [8] , however, our result is completely model independent since we do not assume any specific potential for the inflaton field (i.e. the energy scale of inflation), therefore we can not put any bound on the abundance of produced (mono-chromatic) PBHs. 17 It is also possible that several instances of particle production happens which gives rise to a new inflationary mechanism, called trapped inflation [38] . In this case multiple bursts of particle production leads many localized features in the power spectrum. And since the production of particles occurs several times per e-folding of inflation, the inflaton slows down, therefore inflation can occur even on a (relatively) steep potential. For more details see [18, 39] . 18 We should mention that the bump-like feature in the power spectrum can also produce in hybrid inflation models due to waterfall field transition. Therefore, PBHs can form in this case, too. For recent work in this subject, see [40] . 
Summary and Conclusions
In this work we reviewed the new class of inflation models where the inflaton field couples to an other field. The inclusion of this coupling is that it can produce the quanta of the coupled field. In this article we have studied two realizations of this scenario: where the coupled field is a vector or a scalar field. In the first case we studied the direct and gravitational coupling of the inflaton to the U (1) gauge field. In this model, inflation is accompanied by the gauge quanta production and a strong rise of the curvature and tensor power spectrum amplitude at small scales along with equilateral non-Gaussianity is predicted. However, we have estimated that towards the end of inflation, i.e. on scales that are too small to be observed in the CMB, the power spectrum grows so much that the model may be ruled out because of the overproduction of (dark matter) primordial black holes. Our consideration was different from the studies in recent works [25, 26, 27] in two respects. Firstly, we did not assume any specific potential for the inflaton (or coupled) field. Secondly, we were only interested in PBHs with mass larger than 10 15 g as candidate for DM. Since in the mentioned inflation models, the perturbations are highly non-Gaussian, we study the DM PBHs formation when the PDF of perturbations is non-Gaussian. Our analysis in section 2 showed that the power spectrum at the scale of DM PBHs formation should be P ζ (k PBH ) 4 × 10 −4 , which is two orders of magnitude smaller than the required scalar power spectrum when the perturbations are Gaussian. This means that the production probability of the non-evaporating PBHs when the perturbations are non-Gaussian is higher than the Gaussian case.
The main results when the inflaton coupled directly to the gauge field were shown in Figs. 2 and 3. From Fig. 2 it was clear that due to tachyonic instability of gauge field, an amplitude of the scalar power spectrum, P ζ can reach ∼ 10 −4 , which is required value for DM PBHs formation. Hence, we could put an upper bound on the particle production parameter; i.e. ξ 0.93. The plots in Fig. 3 illustrated the fact that the upper bounds on the particle production parameter from the tensor perturbations and the bispectrum are weaker in comparison to the generated scalar perturbations.
In this paper we also discussed the gauge quanta production during inflation where quanta are produced by a gravitational coupling between the inflaton and the gauge field. In this case also the leading constraint on the particle production parameter comes from the non-production of long-lived PBHs. In this model, the bound on ξ from the tensor bispectrum was stringent than the tensor-to-scalar ratio (see Table 1 ).
In the second scenario where the inflaton field coupled to a scalar field, the model was free of DM PBHs overproduction in the CMB observational range if the amplitude of the generated bump in the scalar power spectrum, A i is less than 4 × 10 −4 . This bound is weaker than the one in [8] , however, our result was completely model independent.
As we mentioned, in this paper we did not consider any specific potential for the inflaton and the coupled field. It would be interesting to consider different inflationary potentials and study the particle production in these models. In this case one can put bound on the parameter(s) of the model such as the coupling constant via the non-production of PBHs. We leave this subject for a future work. It is also worth mentioning that in all studied models the produced PBHs can not give the right relic abundance of DM according to the observational results.
